Developing renewable sources of energy is one of the most important challenges in current research as global energy consumption continues to increase.
2 engineering of semiconductors. Recent developments in semiconductor design span a broad spectrum from exploring novel compounds to combining multi-layered heterostructures and nanostructures to maximize the solar-to-hydrogen (STH) conversion efficiency. [3, 4] Among all types of semiconductors, metal oxides have shown promising attributes as photoelectrode materials for PEC devices due to their relatively high chemical stability and the flexibility to manipulate their optical and electrical properties over a wide range through their stoichiometry. [3, 5] In order to develop highly efficient oxide semiconductors, design strategies based on critical assessment of their PEC properties in well-defined forms is an effective approach. To this end, the controlled surface and bulk properties of single crystalline epitaxial thin films provide an ideal platform for investigating the intrinsic physical and electronic properties of oxides for PEC applications. [6] For example, UHV-based metal oxide thin film synthesis techniques, such as pulsed laser deposition (PLD) and molecular beam epitaxy, enable control over the defect density and thickness in ternary or even quaternary oxides on the atomic scale while preserving a welldefined surface structure, [7] suitable for evaluating the best case PEC performance for subsequent studies. Furthermore, the recent advances in thin film fabrication techniques and the conceptual breakthroughs at oxide solid-state heterointerfaces have opened new avenues to controllably introduce carriers without chemical doping and to generate built-in electric fields with atomic scale precision. [8, 9] These capabilities offer the opportunity to engineer one of the most challenging elements in PEC devices -the band edge alignment at the oxide/electrolyte interface.
The band edge alignment, defined as the relative energy position of the semiconductor band edges with respect to the oxygen and hydrogen evolution potentials, critically affects the PEC performance in two ways. Firstly, it defines the thermodynamic driving force for the respective half-reaction. For example, a photoanode with a more positive valence band edge 3 provides larger driving force for the photo-generated holes as they oxidize water. Secondly, the flat band potential (E fb ) essentially governs the solar-to-electrical energy conversion efficiency through modulation of the space-charge layer thickness, which spatially separates the photogenerated electrons and holes. Previous approaches to control band edge alignment have primarily focused on the chemical functionalization of compound semiconductor surfaces by organic molecules and ions which, despite their success in non-aqueous systems, [10] generally lead to marginal tunability in aqueous solutions needed for PEC water splitting. [11] This is mainly due to the strong surface hydroxylation equilibria of oxides, [12] making band edge alignment a materials specific parameter and hence limiting the efficiency of many oxides.
This limitation can potentially be overcome by considering the electrostatics at these interfaces, which predicts that a potential difference can be generated by inserting a pair of oppositely charged species within atomic distances of the interface. The potential generated by such an interface dipole is proportional to the magnitude of the charge, which offsets the band edge alignment in the direction determined by the stacking sequence of the positive and negative charges. [13] Recently, this concept was implemented in solid-state all-oxide Schottky junctions to control their barrier heights. [14] The strong ionic bonding in metal oxides and the unique perovskite crystal structure enable natural dipole incorporation at heterointerfaces which generate a potential offset large enough to convert a rectifying Schottky junction into an Ohmic contact. [9] Here we apply this dipole engineering technique to a prototypical oxide/aqueous solution interface and demonstrate the tuning of the flat band potential over 1.3 V by inserting a ~1 nm dipole layer, significantly exceeding previous modulation of E fb . [11] A crucial underlying aspect in this study is the insertion of complete dipole layers, consisting of both positive and the negative charges, at the subsurface rather than at the oxide/electrolyte interface, enabling activation and stability of the full dipole magnitude expected from the ionic charge layers.
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We engineered an n-type 0.01 wt. % Nb-doped SrTiO 3 (Nb:SrTiO 3 ) photoanode by forming an ultrathin LaAlO 3 as the dipole layer, and capped it with a non-doped SrTiO 3 layer.
SrTiO 3 is a well-studied semiconductor in PEC with a cubic perovskite structure having an optical gap of 3.2 eV, [15] and is available in high quality single crystalline form with well-defined atomically flat surfaces. [16] In the pseudocubic notation, the LaAlO 3 crystal structure projected in [12, 18] A total of 12 samples were fabricated varying the LaAlO 3 dipole layer thickness d LAO from 0 to 6 unit cells (u.c.) with a fixed 5 u.c. cap SrTiO 3 layer using PLD followed by a post annealing process to fill residual oxygen vacancies potentially generated during thin film growth (see Experimental Section). We note that a single unit cell corresponds to the full perovskite unit cell consisting of two atomic layers (LaO) + /(AlO 2 ) -and (SrO) 0 /(TiO 2 ) 0 for LaAlO 3 and SrTiO 3 , respectively. The LaAlO 3 and SrTiO 3 film deposition rates were pre-calibrated by measuring the thickness of the films deposited on SrTiO 3 (001) substrates at various laser pulse counts. For the LaAlO 3 layers, the thickness was measured by using X-ray reflectivity as shown in Figure 1b giving a calibrated deposition rate of 1.4 × 10 -2 nm/pulse. For SrTiO 3 , atomic force microscopy (AFM) was used for the grown film thickness measurement giving a deposition rate of 2.0 × 10 -2 nm/pulse. As an independent measure of the deposition rate, reflection high-energy electron diffraction (RHEED) oscillations were taken in situ during deposition of these layers as shown in Supporting Information Figure S1a RHE in agreement with previously reported values. [15] For d LAO > 0 u.c., a finite residual 1/C 2 was observed below E fb which predominantly corresponds to the capacitance arising from the LaAlO 3 , [19] SrTiO 3 , [20] and the electric double layers. [21] In these cases, the residual 1/C 2 was also linearly fitted and the potential at which it intersects with the anodic slope was defined as E fb .
Four examples of such fitting processes are shown in Figure 2b for d LAO = 1.0, 2.0, 3.0, and 4.0 u.c., demonstrating that a linear extrapolation to the potential axis would underestimate the E fb .
Thus deduced, the E fb shifted anodically with increase in d LAO up to 1.5 u.c. and remained almost constant above this thickness up to d LAO = 6.0 u.c. (Figure 3a) . Throughout the entire potential range, the extracted series resistance (R u ) was approximately 120 Ω and the parallel resistance (R p ) was higher than 10 7 Ω above -0.5 V vs. RHE, and exponentially decreased to 10 4 Ω under cathodic bias which confirms the negligible current leakage in the Nb:SrTiO 3 (001) substrates. Figure   S3c ). [22] A schematic evolution of E fb and the dipole potential is depicted in a band diagram in Careful examination of the carrier transport probed by cyclic voltammetry provides insight into the carrier dynamics in these heterostructures. At d LAO < 1.5 u.c., E ON shifts anodically, after which it reaches a plateau up to d LAO = 2.0 u.c. similar to the E fb trend. However, above d LAO = 2.0 u.c., E ON continues to shift anodically accompanied by a linear decrease in the photocurrent at fixed anodic bias (Figure 3b) . The initial shift in E ON and the reduction in the 8 oxidative photocurrent correspond well to the reduction in E fb , reducing the electric field in the space charge layer in Nb:SrTiO 3 , requiring additional potential to drive the photo-generated holes towards the surface. However, the behavior at d LAO > 2.0 u.c. suggests the presence of effects independent from the dipole offset, most likely related to the materials specific properties of LaAlO 3 and its interface with SrTiO 3 . The band gap of LaAlO 3 is 5.6 eV, [23] and its band edges are reported to be more negative than those of SrTiO 3 , forming a staggered (type-II)
heterojunction. [24] These band offsets can strongly impede the carrier transport as d LAO In summary, we succeeded in shifting the flat band potential over 1.3 V by controllably inserting ~1 nm-thick subsurface dipole layers near the Nb:SrTiO 3 (001)/aqueous electrolyte interface. We emphasize that the flat band potential shift obtained in this study of 0.9 V per 0.4 nm of LaAlO 3 is significantly larger compared to any reported results in oxide/aqueous solution interfaces. [11] In addition to exploiting the strong ionicity of metal oxides, the atomic scale control of layered heterostructures allows spatial separation of the dipole layer from the oxide/solution interface. This minimizes deleterious specific adsorption which diminishes the dipole magnitude and the possibility of intercalation of ions at the surface, as often discussed in organic surface dipoles. [25, 26] While the direction of the flat band potential shift was undesired for the photoanodes in this study, application of this specific LaAlO 3 dipole layer to photocathodes should prove effective in increasing their performance. We also anticipate that a flat band potential shift in the opposite (cathodic) direction should be feasible by selecting an appropriate dipole layer. This study provides a proof-of-concept demonstration of a new approach to control the band edge alignments in an oxide epitaxial heterostructure that is structurally well-defined and well-characterized in solid-state Schottky junctions. [9] Given the large number of photoelectrodes previously studied, experimentally and theoretically, that have been classified as "unsuitable" due to the inappropriate band edge alignment, [3, 27] the current results present a new strategy to revisit many of them to overcome their limitations by independently controlling the interface and the bulk properties to produce viable PEC devices. [28] Experimental Section Dipole engineered photoanode fabrication: All heterostructures were fabricated by pulsed laser deposition using a KrF excimer laser. The ( 
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Supporting Information is available from the Wiley Online Library or from the author. Flat band potential at an oxide semiconductor/aqueous electrolyte interface was systematically shifted over 1.3 V by atomically engineering an electrostatic dipole layer near this interface. Coherent stacking of polar oxide surfaces stabilizes a large internal electric field over atomic distances. This technique enables the decoupling of the bulk and interface constraints in designing photoelectrodes using complex oxides. 
